ABSTRACT In this paper, we design and investigate a graphene magneto-Plasmon waveguide for plasmonic mode switch application. First, an analytical model based on effective index method is presented to extract waveguide properties, such as effective index, effective guide width, cutoff wavelength, and the number of guided modes. We then verify the results with the finite element method. Due to the strong magnetooptical activity of graphene under an external magnetic field, waveguide properties can be widely tuned magnetically. Here, using a combination of several parameters, including chemical potential, magnetic field, and structure width, we manipulate the waveguide properties, such as mode confinement and the number of guided modes in order to achieve desired functions. The results demonstrate that the proposed structure acts as a mode switch device. Namely, for a given chemical potential and wavelength, the guided modes are controlled by the magnetic field. Moreover, we show that the waveguide becomes non-reciprocal in the presence of a magnetic field, which enables the structure to act as a plasmonic isolator and circulator.
I. INTRODUCTION
Surface plasmons (SPs) which are electromagnetic surface waves propagating on a dielectric-metal interface originate from the interaction of free electrons and electromagnetic fields [1] , [2] . Due to high confining property that could break diffraction limit, plasmonic devices offer a promising road to realizing ultra-compact photonic circuits [3] - [5] . In the visible to the near-infrared ranges of spectrum noble metals in conjunction with dielectric media usually are used for supporting SPs. SP fields strongly are confined to the metaldielectric interface, are very sensitive to refractive index variation can be used for active control of SPs. However, due to the week refractive index changes of noble metals, active control of SPs requires active dielectric media [6] , [7] . Depending on the active dielectric properties, several mechanisms such as thermo- [7] , electro- [8] and magneto-optic [9] effects can be employed to control SPs. In the terahertz (THz) and mid-infrared regions of the spectrum, poor conThe associate editor coordinating the review of this manuscript and approving it for publication was Sukhdev Roy. finement and the relatively high propagation loss of metaldielectric plasmons, make noble metal less applicable [10] . These challenges can be solved by graphene. Graphene has unique properties, such as gate tunability [11] , quantum Hall effect [12] , the capability of supporting both transverse magnetic (TM) and transverse electric (TE) SPs modes [13] . Moreover, compared with metal-dielectric SPs, graphene SPs have a much smaller wavelength, and lower propagation loss than that of metals in the mid-infrared and THz spectral region [14] - [17] . Because of such capabilities, increasing attention has been paid to graphene for realizing active plasmonic and magneto-plasmonic devices [2] , [18] - [20] .
Magneto-optical (MO) devices such as isolators, circulators, and polarization rotators are the key components of photonic circuits [21] - [23] . MO materials due to their unique properties, for example, the breaking of the timereversal symmetry of the interacting electromagnetic wave leads to the emergence of nonreciprocal phenomena such as Faraday rotation, MO Kerr effect, and nonreciprocal phase shift [24] . Conventional MO photonic devices based on bulk MO materials suffer from weak MO activity, leading to large-scale footprints at least several tens of wavelength (tens of micrometers), thereby challenging the implementation of highly integrated photonic circuits [19] , [24] . Thus, there is an increasing demand for miniaturizing these devices for future generation of integrated photonic technology. The realization of integrated nanoplasmonic circuitry, a plasmonic analogy to nonreciprocal photonic devices are needed. Therefore, MO material and devices need to be shrunk to nanoplasmonic regime.
Magneto-plasmonic circuits can be realized by following configurations, either a ferromagnetic metal in contact with a dielectric medium [25] or a noble metal with a ferromagnetic dielectric [24] . However, ferromagnetic metals such as Ni, Co, and Fe are too lossy [26] to be employed in plasmonic structures. On the other hand, one of the significant challenges in magneto-plasmonic devices based on the MO dielectric materials like garnets is an inherent limitation to integrate into photonic platforms, such as silicon complementary metal-oxide-semiconductor (CMOS) and III-V semiconductor fabrication technology [26] . This restriction is due to the lattice mismatch between garnets and the substrate [27] , and also the requirement of thermal annealing. Furthermore, the fabrication of garnet-based devices needs a hybrid integration technique like wafer bonding or a deposition technique (e.g., pulsed laser deposition) [28] .
The strong MO activity of graphene combined with the capability of supporting deep-subwavelength SPs and wide-range tuning of SPs makes graphene as a potential candidate for ultra-compact active plasmonic and nonreciprocal [21] - [23] . Moreover, the unique properties of graphene such as small device footprint, compatibility with CMOS and other fabrication technologies, the versatility, ultrawideband, and the high-speed operation make graphene an attractive option [29] . Previously, the MO effect in infinite graphene sheet [2] , graphene-coated nanowire [30] , graphene-dielectric sandwich [20] was studied. Also, the nonreciprocity of the edge surface magneto-plasmons (SMPs) of graphene microstrip has been studied [31] . In [32] , dielectric-loaded graphene surface plasmon waveguide has been proposed and propagating properties in the absence of the magnetic field and, their tunability (by changing Fermi energy level) has been demonstrated. Compared with graphene microribbon waveguides, dielectric loaded graphene magneto-plasmon waveguides (DLGMPW) shows better immunity to production tolerances and can be easily fabricated using current lithography technology.
Moreover, the employment of magnetic field to the dielectric loaded structures, not only provides more freedom to manipulate SPs but also gives the opportunity to design novel nonreciprocal devices such as on-chip circulators, isolators, phase shifters and couplers [31] , [33] , [34] . Therefore, it is of great necessity to investigate the properties of SMP modes in DLGMPW. Nevertheless, the propagating characteristics of SMPs and the capability of extreme-tunability via an external magnetic field, and their influences on nonreciprocity has not been studied yet in dielectric-loaded waveguides.
In this paper, for the first time, we study the SMP modes propagating in a DLGMPW in terahertz regime under an external magnetic field. We present an analytical model based on effective index method (EIM) to calculate the Eigen modes of the structure. The accuracy of the analytical results is confirmed by finite element calculation. Then, mode dispersion and propagation characteristics of DLGMPW and single-mode operation condition are investigated. After that, the tunable characteristics of DLGMPW-based devices are scrutinized by the proposed analytical model. The chemical potential, magnetic field strength, and dielectric strip width are explored to provide the guidelines for designing novel plasmonic devices with new functionalities such as plasmonic mode switch, and ultrasensitive sensor. Finally, the nonreciprocal properties of DLGMPW are discussed, which can be employed for realizing plasmonic isolators, circulators, and unidirectional components. 
II. ANALYTICAL MODEL AND FEM VERIFICATIONS
The schematic view of a DLGMPW is shown in Fig. 1(a) . We consider a graphene layer placed at the interface of two dielectric media: the substrate with relative permittivity of ε 1 and the dielectric strip with a relative permittivity of ε 2 . The dielectric strip width and height are w and h, respectively. The dielectric strip on the top of graphene leads to a higher refractive index for SMPs modes on the dielectric-graphenedielectric interface compared to that of the air-graphenedielectric interface.
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The EIM is one of the efficient methods widely applied in sophisticated photonic and plasmonic structures [32] , [35] , [36] . Here, we use EIM to analyze and derive an analytical model to analyze DLGMPW. In this method, DLGMPW reduces to a three-section dielectric planar waveguide, as clad/core/clad, as shown in Fig. 1(b) . The refractive indices of the core and the clad regions, n core and n clad , are equal to the effective mode index of SMPs in each region and are written as:
where β SMP core and β SMP clad are the wave vector of SMP in the core and clad regions respectively, and k 0 is the vacuum wave number. Due to an external magnetic field, the surface conductivity of graphene, σ becomes anisotropic tensor as [21] :
where σ xx = σ yy and σ xy =-σ yx are the longitudinal and Hall components of conductivity, respectively. By inclusion of quantum response of graphene, they are written as [37] , [38] :
where M n = 2n|eB| v 2 F denotes Landau level energy with the index n and f =
is Fermi-Dirac distribution. In (3) and (4), c, e, , and v F are light velocity in vacuum, electron charge, reduced Planck's constant and Fermi velocity in graphene, respectively. Also, B, , µ, and T represent applied external magnetic flux density perpendicular to the graphene sheet, scattering rate, chemical potential, and temperature, respectively.
To determine β SMP core and β SMP clad , the dispersion relations of SMPs in the core and the clad regions are obtained with the following electromagnetic boundary conditions at the interface, z=0:
For 2D graphene sheet, with a frequency dependent 2×2 conductivity tensor σ as expressed in (2), we have
− → J is surface current density, and − → E t is the tangential component of the electric field.
Equations (5a) and (5b) lead to the continuity of the tangential component of the electric field and discontinuity of the tangential component of the magnetic field, which yields:
It is straightforward to combine the above results and obtain SMPs dispersion relation as:
The dispersion relation is in excellent agreement with the reported results in [2] , [39] . In (7), 0 and µ 0 are the vacuum permittivity and permeability, 1 , 2 , and µ 2 are relative permittivity, and permeability in two dielectric media. Here,
c 2 , and β is propagation constant. Now, by solving (7) in the core and cladding region, β SMP core and β SMP clad , and, therefore n core and n clad are determined.
As shown in Fig. 1 (b) , we use the EIM to model DLGMPW as a three-layer dielectric slab waveguide, which is a simple, intuitive idea on the mode propagation characteristics. Moreover, this model yields accurate results and is fast to execute. It is well-known that such dielectric slab waveguides, satisfy the following condition [40] , [41] :
Here, m is the mode number, = tan −1 (
γ c = k 0 n 2 eff − n 2 clad , and n eff is the effective index of the mth order guided mode. After simple algebraic manipulation, the eigenmode equation for the m-th order guided mode is derived as:
This equation can be solved numerically for each m-th order mode individually, and n eff is derived. Now, we study characteristics of such waveguides including the effective guided width and cutoff wavelength. It is noteworthy that the whole field of any guided mode, are not confined in the core region. Always a portion of the guided mode propagates through the clad region. As the wavelength increases, the power portion, which penetrates in the clad region, grows up. So we introduce the effective guide width, w eff , that is a measure for the region in which the guided SMPs concentrate and propagate. The effective width, which is derived based on the procedure reported in [40] , [41] is defined as:
43408 VOLUME 7, 2019 When the wavelength approaches the cutoff, a significant portion of field spreads over the clad region. At the cutoff condition, n eff n clad ≈ 1, no bounded mode in the core can propagate. By substituting n eff = n clad in (9), the cutoff wavelength of m-th order guided mode is obtained as [32] :
In (11), m=1 corresponds to the single mode operation, which is of the most important to obtain desired behavior in many applications [32] , [42] . 
III. RESULTS AND DISCUSSIONS
At first, we solve the SMP's dispersion relation expressed by (8) to obtain n core and n clad needed in the proposed EIM-based analytical model for the m-th order guided mode of DLGMPW. To validate the proposed analytical model, we compare the results with FEM simulation using commercial software (COMSOL Multiphysics). Comparing our analytical model to that proposed in [32] , we show that our model has better accuracy. Next, the single-mode and multimode operation ranges of DLGMPW are calculated for different parameters, such as strip's width, w, and the external magnetic flux density, B. In our calculations, we assume the relative permittivity of the dielectric strip and the substrate to be 1.96, and the height of the dielectric strip, h is 100 nm. The real and imaginary parts of the effective index of SMPs in DLGMPW with a width of 200nm are investigated for two cases: (i) without magnetic field; (ii) with an external magnetic field of 1 T. Figs 2 (a) and (b) show the real and imaginary parts of the effective index in the absence of the magnetic field. Both the real and imaginary parts of the effective index of the SMPs decrease as the wavelength increases. As depicted in Fig. 2 (a) and 2(b) , the fundamental mode with the highest effective index, is cutoff free (its cutoff wavelength extends to the longer wavelengths, not depicted in this range), however the cutoff wavelengths of the other modes occur at the point where their effective indices approach n clad . The 2 nd , 3 rd , and the 4 th modes reach to the cutoff at the wavelengths of 15.1µm, 10.91µm, and 8.87µm, respectively. We can observe that our analytical model is in excellent agreement with FEM simulation results over the entire wavelength range, even near the cutoff wavelength (see the inset of Fig. 2(a) ).
Figs. 3 (a) and (b) show the real and imaginary parts of the effective index in the presence of the magnetic field. Same as the case (i), in case (ii), the real and imaginary parts of the effective index decrease as the wavelength increases. However, due to the magnetically-induced optical resonances associated with transitions between Landau-levels, the imag- inary part does not vary uniformly and shows several peaks. Moreover, the mode confinement decreases as a function of wavelength. According to the results of Fig. 3(a) and (b) , the 2 nd , 3 rd , and the 4 th modes reach cutoff at the wavelengths 15.72 µm, 11.24 µm, and 9.57 µm, respectively. Compared to Figs. 2(a) and 2(b) , in the presence of a magnetic field, cutoff wavelengths are red shifted. Also, both real and imaginary parts of the effective index decrease inversely with wavelength. Moreover, the mode confinement decreases as a function of wavelength. Therefore, the guided mode area becomes larger and spreads into the clad regions.
The effective guide widths, w eff , of DLGMPW are shown in Fig. 4(a) for the first four modes. The effective widths of all modes increase as a function of wavelength and for the higher order modes (m=1,2,3), and a sharp increment is observed compared to that of the fundamental mode (m=0). It is important to note that, for all modes, when the wavelength approaches the cutoff point, the modes are not bounded to the core region, and extends to the clad region as well (see Fig. 4(b) ). For instance, at λ = 8µm we have four modes, however by increasing the wavelength to 10.5µm, 14µm and 16µm the effective guide thickness increases, so we have three, two and one modes, respectively.
Single-mode operation condition can be obtained, if the strip width is small enough. Single-mode and multimode operation region of DLGMPW are determined by solv- operation region labeled by 1, is located at the bottom of the first order mode (m=1) cutoff wavelength line. At each wavelength, when the strip width reduces to a critical value, the single-mode condition is satisfied. It can be seen that the magnetic field dramatically changes the boundaries of single-mode/multimode operation regions (dashed lines in the Figs.). The starting point of the single mode operation region is shifted to the longer wavelength as the magnetic field increases. Moreover, at higher magnetic flux density, about B =5 T, Landau levels are separated more, which leads to sharp oscillation behavior (see Region1 in figure 5(c) ). In this region, a small change in the wavelength, leads to a high deviation from single mode operation, due to the significant effective index change. Therefore, magneto-plasmon devices have a high sensitivity to the wavelength if they operate in such region. This phenomenon can be employed to realize ultra-high wavelength-sensitive sensors. Furthermore, in Region 2 of figure 5(c) another phenomenon occurs when a strong magnetic field is applied to DLGMPW. In this region, along cutline (A-D), from point A to B and from point C to D, we can see an ordinary behavior, that is, the number of supported mode decreases inversely with the wavelength. However, an extraordinary behavior is observed from point B to C, where a reverse change from the lower number of modes to the higher number of modes occurs by increasing wavelength. As it is shown, from point B to C, the number of supported modes increases from 2 to 4, which corresponds to a higher effective index of DLGMPW. VOLUME 7, 2019 Fig . 6 shows the single mode and multimode operation regions of DLGMPW as a function of magnetic field and wavelength, for different values of chemical potential. By varying the magnetic field, the single mode operation region can be widely manipulated. Note that the magnetic-induced Landau level transitions, which are extremely sensitive to chemical potential, can profoundly change the mode operation region. As seen in Fig. 6(a) , a lower chemical potential leads to a higher sensitivity to the magnetic field. The magnetic field effect decreases, as the chemical potential increases (see Fig. 6(c)) . Therefore, the magnetic-induced tuning of the single mode and multimode region boundaries is more applicable in relatively low chemical potential. Moreover, as it is shown in Fig. 6(a) , at a given wavelength, by varying the intensity of the magnetic field, we can change the number of guided modes and prevent some modes from propagating. Therefore, the number of modes is controlled by the external magnetic field and by such design we can obtain a mode switch.
The real and imaginary parts of DLGMPW dispersion relation for the first four modes are plotted in Figs. 7 (a) and (b) respectively using FEM, where the numbers 1,2,3,4 correspond to the modes order. As it is shown in Figs. 7 (a) and (b) an external magnetic field could break the mirrorsymmetry of the waveguide dispersion relatively and possess nonreciprocal properties. Therefore, SMPs which are propagating in opposite directions, have slightly different propagation constants (β forward & β backward ). This phenomenon can be employed to achieve ultra-compact nonreciprocal devices, such as isolators, circulators, nonreciprocal filters, and resonators.
IV. CONCLUSIONS
In this paper, we have proposed and studied a tunable dielectric-loaded magneto-plasmon waveguide. We have shown that graphene surface magneto-plasmons could be tuned via an external magnetic field, in addition to varying the graphene chemical potential. An analytical model based on EIM has been presented to investigate waveguide properties such as effective index, effective guide width, cutoff wavelength and the number of guided modes and then the results have been verified by finite element method. Analytical relations for effective mode index and effective thickness of waveguide have been derived through EIM. We have demonstrated that by applying an external magnetic field, an extraordinary behavior can be observed in DLGMPW. Without the magnetic field, the number of guided modes decreases inversely with respect to the wavelength. It can be observed that in the presence of a magnetic field, a reverse characteristic occurs in some regions, that is the number of guided modes increase with wavelength. In lower wavelengths, ultra-high This applies to papers in wavelengthsensitive regions have been made if the external magnetic field is sufficiently high. Moreover, it has been shown that the external magnetic field could control the number of guided modes and therefore, the proposed structure could be used as a mode switch device. Finally, we have shown that the waveguide becomes nonreciprocal in the presence of a magnetic field, which enables such structure to act as a plasmonic isolator and circulator.
